The nucleotide sequence of a specific region of the mitochondrial plasmid from the Neurospora intermedia Varkud-lc strain was determined. Analysis of the sequence revealed the presence of a long (up to 7 10 amino acids) ORF. This ORF is almost identical to a previously characterized ORF in the mitochondrial plasmid from the Neurospora crassa Mauriceville-lc strain. When the ORFs from the two plasmids are compared over their entire length of 2,133 bp, only 34 nucleotide substitutions are found (greater than 98% identity). These substitutions result in only nine amino acid replacements in the protein sequences predicted from the two ORFs. Though no function can be assigned to the putative products of these ORFs, their high conservation of nucleotide and deduced amino acid sequence suggest that they are under selective pressure, presumably to preserve the function of some protein.
Introduction
Mitochondrial plasmids are small circular or linear DNAs that have been found in the mitochondria of various fungi (Collins et al. 198 1; Stohl et al. 1982; Tudzynski et al. 1983; Garber et al. 1984; Natvig et al. 1984 ) and higher plants (Pring et al. 1977 (Pring et al. , 1982 Boutry and Briquet 1982; Brennicke and Blanz 1982; Palmer et al. 1983 ). The mitochondrial plasmids of Neurosporu have been found in several strains isolated from nature (Collins et al. 1981; Stohl et al. 1982; Natvig et al. 1984) , though they have never been detected in common laboratory strains. Many of the Neurosporu plasmids are quite similar and have been classified, on the basis of DNA hybridization experiments, into three major groups (Natvig et al. 1984) .
The entire DNA sequence of the mitochondrial plasmid from the Mauricevillelc strain of Neurospora crassa has been determined (Nargang et al. 1984) . The sequence revealed many interesting structural features and led to the speculation that the Mauriceville plasmid may be related to mitochondrial introns. Perhaps the most remarkable feature of the Mauriceville DNA sequence is the presence of a long ORF that could potentially encode a hydrophilic protein consisting of as many as 710 amino acids. However, no protein product exclusive to the mitochondria of the Mauriceville strain has been detected to date. Two large ORFs have also been identified in the DNA sequence of the S-2 mitrochondrial plasmid of maize (Levings and Sederoff 1983) . Again, there are no known protein products that correspond to either of the S-2 ORFs, although minor polypeptides specific to the mitochondria of strains with the S cytoplasm have been detected (Forde and Leaver 1980) . Thus, the role of mitochondrial plasmid ORFs remains enigmatic. The alpha-sen DNA of Podosporu mi-tochondria contains a reading frame that has been shown to correspond to an intron of the cytochrome c oxidase subunit-l gene (Osiewacz and Esser 1984) . However, the alpha-sen DNA is not a true mitochondrial plasmid, since it is derived from the standard mitochondrial genome of the organism.
The discovery of a mitochondrial plasmid in the Neurospora intermedia Varkudlc strain, which, on the basis of DNA hybridization and restriction mapping data, is very similar to the Mauriceville plasmid (R. A. Akins, L. L. Stohl, D. Grant, F. E. Nargang, and A. M. Lambowitz, unpublished data) , offered a means of testing whether or not the same long ORF was present in two different mitochondrial plasmids. The presence of the same ORF in these two plasmids, which are found in two different Neurospora species (Perkins et al. 1976 ) isolated from geographically remote locations (Mauriceville, Texas and Varkud, India) would be a very strong argument for the conservation of the ORF sequence -and, by inference, of its function. A similar argument for conservation of function was applied to the unassigned reading frames (URFs) found in three mammalian mitochondrial genomes (Anderson et al. 198 1, 1982; Bibb et al. 198 I) , and it has now been shown that these URFs do in fact give rise to mitochondrial proteins (Chomyn et al. 1983; Oliver et al. 1983; Michael et al. 1984) .
The data described in the present report show that the ORF sequence in the Varkud mitochondrial plasmid is almost completely conserved relative to that in the Mauriceville mitochondrial plasmid.
Material and Methods

Strains
The Varkud strain of Neurospora intermedia (Fungal Genetics Stock Center no. 1823) was obtained from A. Lambowitz (St. Louis University). The isolation of the Varkud and Mauriceville strains carrying the mitochondrial plasmids discussed herein-and their classification into separate species based chiefly on crossing behavior-have been described by Perkins et al. (1976) . Growth of Neurospora on solid and in liquid medium was as described elsewhere (Davis and de Serres 1970) . The Escherichia coli strain HBlOl (Bolivar and Beckman 1979) was used for propagation of cloned mitochondrial plasmid DNA in bacterial vectors. Strain JM 103 (Messing et al. 198 1) served as the host for transfections with M 13 phage derivatives.
Isolation of Mitochondria and Mitochondrial Plasmid DNAs
Mitochondria were isolated from liquid culture by the flotation-gradient method (Lambowitz 1979) . Mitochondrial plasmid DNA was isolated basically as described elsewhere (Collins et al. 198 l) , with minor changes. In brief, purified mitochondria from 3-5 liters of late-log-phase liquid culture were suspended in 5 ml of 50 mM TrisHCl, pH 7.5, containing 5 mM ethylenediaminetetraacetic acid and then lysed by the addition of 0.5 ml 10% sodium dodecyl sulfate. CsCl(O.98 gm/l ml lysate) and ethidium bromide (50 pl/ 1 ml lysate) were added, and the solution was spun for 8-l 2 h in a VTi65 rotor (Beckman) at 54,000 rpm. The lower band, containing mostly mitochondrial plasmid DNA, was collected and rebanded. Ethidium bromide was then removed by means of four extractions with isopropanol followed by dialysis to remove CsCl. This procedure yielded relatively pure mitochondrial plasmid DNA contaminated by small amounts of mtDNA. fig. 24 below). The latter clone was constructed using purified Varkud mitochondrial plasmid DNA. Phage clones for dideoxy DNA sequence determination were constructed using the replicative form of the M 13 phage derivatives mp18 and mp19 (Norrander et al. 1983 ). The procedures for transformation and isolation of plasmid DNA were as described elsewhere (Nargang et al. 1983 ).
Determination of DNA Sequence and Its Analysis
Determination of the DNA sequence using the dideoxy technique, computer analysis, and storage of the data were as described elsewhere (Nargang et al. 1983) .
Results
The nucleotide and amino acid sequence of the region of the Varkud mitochondrial plasmid that was sequenced and that corresponds to the Mauriceville ORF region is shown in figure 1. The DNA sequence was translated using the genetic code for Neurospora mitochondria (UGA = trp, Heckman et al. 1980) . Figure 2A shows a partial restriction map of the region sequenced and the strategy used. Both strands of the DNA were sequenced entirely. The first nucleotide in the single BgZII site of the plasmid near the amino terminus of the long ORF is arbitrarily designated as position 1 of the DNA sequence. The numbering system downstream of the BgZII site is thus consistent with that published for the ORF region of Mauriceville (Nargang et al. 1984 ). However, it should be noted that minor differences in the sequence and size of the two plasmids (Akins et al., unpublished data) cause the numbering system of nucleotides outside the ORF to vary between the two plasmids. For this reason and because the complete sequence of the Varkud plasmid has not been determined, the negative numbering system upstream of the BgZII site has been employed. Translation of the nucleotide sequence shown in figure 1 revealed an ORF of as many as 7 10 amino acids if the first ATG, at position -90 to -88, is considered as the starting point of translation. A subset of smaller ORFs derived from the 7 lo-amino acid ORF also exists, depending on which of the 14 internal ATG codons is considered as a possible translation starting site. Figure 2B gives the position of nucleotide substitutions observed in the Varkud ORF when it is compared to the previously described Mauriceville ORF. A total of 34 differences are observed in the 2,178 positions compared. The ORF regions of the two plasmids are 98.6% identical. The substitutions appear to be randomly distributed over the codons of the ORF. Six differences are apparently the result of transversions, and 28 (82%) the result of transitions. Five substitutions have occurred in the first position of a codon, four in the second position, and 25 in the third position. Also shown in figure 2B is the position within the ORF of each nucleotide difference that results in an amino acid replacement with respect to the Mauriceville ORF. Of the 34 total differences, 24 (7 1%) are silent, whereas 10 alter the amino acid specified. One codon beginning at nucleotide 259 on figure 1 (change 8; of Mauriceville and Varkud (table 1) . Of the nine amino acid differences observed in the two ORFs, five still belong to the same chemical group of amino acids; thus, only four amino acids are radically different-namely, those changes designated as 23,28, 30, and 32 in table l-which are specified by the codons beginning at nucleotides 1,249, 1,609, I,74 1, and 2,020, respectively, in figure 1. Interestingly, the latter three of these relatively severe changes-lys to glu, glu to val, and gly to asp-are found in the last 20% of the ORF sequence, near the carboxy terminus.
Discussion
Previous sequence data on the mitochondrial plasmid from the Neuruspora crassa Mauriceville strain revealed the existence of a long ORF that covered more than 50% of the length of the plasmid (Nargang et al. 1984) . Although no protein product peculiar to any mitochondrial plasmid has been identified to date, the existence of such a long ORF argues that it probably encodes a function that is under selective pressure. This argument is enhanced by the observation that the putative protein product could indeed be translated from the major transcript of the plasmid (Nargang et al. 1984) . The mitochondrial plasmid from the Neurospora intermedia Varkud strain is now the second Neurospora mitochondrial plasmid shown to contain a long ORF. As expected from the DNA hybridization and restriction-endonuclease mapping data the Varkud ORF is virtually identical to that of Mauriceville and like the Mauriceville ORF it could also be expressed from the plasmid's major transcript (Akins et al., unpublished data). The extent of the reading frame is entirely conserved in the two plasmids, and the few nucleotide differences that do exist are confined to nucleotide substitutions rather than being deletions or additions that would alter the frame. This contrasts with the situation outside the ORF region, where numerous and more substantial differences between the two plasmids are found (Akins et al., unpublished data) . Since the ORF makes up more than 50% of the sequence in each plasmid, it is unlikely that it is so well conserved by chance alone. The distribution and type of amino acid changes observed between the two ORFs also suggest conservation from a functional viewpoint; that is, most of the nucleotide differences are silent or result in relatively innocuous amino acid changes (table 1). Those changes that cause rather drastic amino acid differences are clustered near the carboxy terminus of the ORF and may reflect the relative unimportance of that region to the function of the putative ORF protein.
Although all these observations argue strongly for conservation of the function of the protein, no hint as to its actual role exists as yet. The most likely possibilities are that either (1) the protein is required for the maintenance of the plasmid itself or (2) there exists a function that provides some advantage to the host strain in a particular environment. A region with eight out of 12 identical amino acids between the Mauriceville ORF sequence and that of the putative polymerase of cauliflower mosaic virus was noted previously (Nargang et al. 1984) , and a distant relationship of the ORF to retroviral reverse transcriptases has recently been detected (Michel and Lang 1985) .
It is not known whether the 98.6% identity observed between the ORF regions of the Varkud and Mauriceville plasmids is different than that to be expected between normal mitochondrial genes in different species of Neurospora, since no data on mtDNA sequence divergence between species are available for the organism. Although at least six size differences between the standard mtDNAs of the Varkud and Mauriceville strains have been detected by restriction-endonuclease analysis (Collins and Lambowitz 1983) , the relationship between this size variation and the variation observed in the mitochondrial plasmids of the two strains is unclear, since significant structural diversity of mtDNAs is commonly observed both within and between species of Neurospora (Bernard et al. 1976; Manella et al. 1979; Collins and Lambowitz 1983) as well as in other lower eukaryotes (Sederoff 1984) .
Nargaw
Considerable data are available on sequence divergence and evolution of animal mtDNAs. As discussed by Brown (1983) , these studies have shown that the more closely related the species, the higher the overall ratio of transitions to transversions and the higher the ratio of silent to replacement substitutions in protein-coding genes. The nucleotide differences between the Mauriceville and Varkud plasmids in the ORF region are mostly transitions (28 of 34 = 82%) and mostly silent with respect to amino acid substitutions (24 of 34 = 7 1%). It has been suggested that the preponderance of transitions observed in the mtDNAs of closely related animal systems reflects a bias in the mutational process Brown and Simpson 1982; Aquadro and Greenberg 1983) . It is tempting to speculate that a similar bias exists in Neurospora mitochondria; however, in the absence of more data, particularly sequence comparisons between noncoding regions, no conclusions can be reached.
Given the obvious differences between animals and Neurospora, the data on animal mitochondrial systems cannot be realistically employed to extrapolate a reliable evolutionary distance between the Mauriceville and Varkud mitochondrial plasmids. In fact, it has already been noted that mtDNAs of higher-order plants are evolving at a slower rate than those of animals (Bonen et al. 1984) . However, in light of the observations described above, it is probably reasonable to assume that the Mauriceville and Varkud mitochondrial plasmids are fairly closely related. The fact that the codon beginning at nucleotide 1,259 in figure 1 (difference number 8; table 1) contains changes in both the first and third positions is of interest with regard to the evolutionary relationship of the two plasmids; that is, all the other amino acid differences between the two ORFs can be explained as being the result of one-step events, but difference number 8 requires at least two distinct steps. Natvig et al. (1984) have discussed the possibilities that the Neurospora mitochondrial plasmids have either been retained in various species as the species diverged or been introduced since those species diverged. Consideration of the geographical distance between the locations where the Varkud and Mauriceville strains were isolated makes the separate introduction of different forms of this mitochondrial plasmid into these two (which would make the sequences xenologous; Gray and Fitch [ 19831) seem less likely than the codivergence of the species and the plasmids (which would make the sequences orthologous). Unfortunately, it is not known whether either these or related plasmids exist only in these Varkud and Mauriceville strains that happened to be picked from the wild or whether they have a wider distribution. It is therefore possible that many more forms of these plasmids have been fixed in various isolated populations.
